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ABSTRACT: Calcium phosphate (CaPO4) tubes with features comparable
to mineralized biological microstructures, such as Haversian canals, were
grown from a calcium gel/phosphate solution chemical garden system. A
signiﬁcant diﬀerence in gel mass in response to high and low solute
phosphate equivalent environments existed within 30 min of solution
layering upon gel (p = 0.0067), suggesting that the nature of advective
movement between gel and solution is dependent on the solution
concentration. The transport of calcium cations (Ca2+) and phosphate
anions (PO4
3−) was quantiﬁed and changes in pH were monitored to
explain the preferential formation of tubes within a PO4
3− concentration
range of 0.5−1.25 M. Ingress from the anionic solution phase into the gel
followed by the liberation of Ca2+ ions from the gel was found to be
essential for acquiring self-assembled tubular CaPO4 structures. Tube
analysis by scanning electron microscopy (SEM), X-ray diﬀraction (XRD), and micro X-ray ﬂorescence (μ-XRF) revealed
hydroxyapatite (HA, Ca10(PO4)6(OH)2) and dicalcium phosphate dihydrate (DCPD, CaHPO4·2H2O) phases organized in a
hierarchical manner. Notably, the tubule diameters ranged from 100 to 150 μm, an ideal size for the permeation of vasculature in
biological hard tissue.
■ INTRODUCTION
Tubular mineralized structures that contribute to intricate
arrangements and networks are found throughout nature,
forming in bamboo, coccolithophores, corals, and exotic
architectures such as the central rose of a water-pot shell.1−7
Tubelike motifs are also found in the hard tissues of mammals,
including dentinal tubules in teeth and Haversian canals in
bone.1−4 These features are not random, functioning to enable
gases and nutrients to pass through tissues of relatively low
pore volume and maintain the viability of embedded cell
populations. Many presume that the formation of these tubes is
entirely biologically driven by cellular processes.8,9 Odonto-
blasts, for instance, are thought to play a signiﬁcant role in
guiding the formation of dentinal tubules.10 Although often
overlooked, physical processes, such as ﬂuid ﬂow, play a crucial
role in the development of ear, kidney, and brain tissue.11 A
better understanding of these processes in terms of guiding
mineral formations is desirable and may even assist in attempts
to replicate hard tissue structure more closely for the purpose
of advanced regenerative biomaterials. Disease processes may
also be better understood. Osteophytes, for instance, are
organized extrusions of mineral that extend from subchondral
bone into the joint space and are pathological in osteo-
arthritis.12
A chemical garden commonly refers to solid elongated
structures that form from the surface of a metal ion monolith
when added to silicate solution.13 Such systems remain of great
interest to scientists since their conception in the early 17th
century, having ﬁrst been observed by German−Dutch
alchemist Johann Glauber in 1646.14 Fascination stems from
their likeness to aforementioned mineralized structures that
originate from both biotic and abiotic systems. Many
combinations of reactive species can be combined in these
systems, including but not limited to metallic cations of calcium
(Ca2+), strontium (Sr2+), copper (Cu2+), iron (Fe2+), and
cobalt (Co2+) with anionic species of silicate (SiO4
4−),
carbonate (CO2−), borate (BO3
3−), and phosphate
(PO4
3−).13−18 Complex osmotic processes drive the formation
of these lifelike tubular precipitates, as understood through
research predominantly undertaken in the 19th and 20th
centuries.14,19 Work by Kamiya et al. and more recently
Steenbjerg Isben et al. disseminated the important mechanistic
understanding of tubular architectures grown at a gel/solution
interface, which form similarly to that of a chemical garden.20,21
Formation begins when a semipermeable membrane is formed
over the gel phase because of the initial reaction between
cationic species in the gel and anions in the solution phase
resulting in an insoluble reaction product. When osmotic forces
allow, ﬂuid rich in metal ions is liberated from the gel into the
ionic solution phase, which self-assembles into hollow tubes
whereby the gel pores serve as an initial template.20,22
Continuous growth is conﬁrmed to occur at the tips of already
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established tubes, maintained through repeating cyclic buildups
of osmotic pressure and the release of cation-rich solution
through a point of rupture. The necessary mass transport is
facilitated by disequilibrium between species present on either
side of the established semipermeable membrane.18
Despite this understanding, quantitative analysis surrounding
chemical gardens remains unfortunately sparse.23−25 Factors
that determine tube growth rate are poorly understood but may
be better explained through studying the rates of precipitation
and advective transport,26 providing complementary data to
previous work on how precipitates form at gel/solution
interfaces.21 The gel/solution setup oﬀers the opportunity for
quantitative parameters to be measured that can be linked back
to theoretical expectations of tube formation. In this article, the
formation of tubules of calcium phosphate (CaPO4) at the gel/
solution interface was investigated. Solution movement in and
out of a 1 M Ca2+ loaded agar gel was monitored in a PO4
3−-
rich environment, and the dependence of this exchange on
tubule development by diﬀering solute potential environments
was investigated.
While osseous tissue scaﬀolds that are able to support the
production of the bone extracellular matrix (ECM) have been
developed, they suﬀer from poor vascularization.27−29 CaPO4
tubes, however, may possess a high surface area, narrow pore
distribution, and mass transport viability,30 oﬀering enhanced
cellular ingress and facilitation of directed angiogenesis and
tubulogenesis for the generation of bony tissue in comparison
to the current cohort of scaﬀold and unstructured calcium-
based augmentation minerals.29,31,32 Recent work regarding
calcium silicate−phosphate tubes demonstrates the high
potential of chemical garden structures to support the
attachment and viability of mammalian cell cultures.33 Micro-
structural and compositional characterization of CaPO4 tubes
was undertaken to assess their similarity to chemical garden
structures, understand how they develop during formation, and
assess their potential suitability to be explored further as an
osteogenic self-assembling biomaterial.
■ EXPERIMENTAL METHOD
Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, 99%, ACS reagent),
agar ((C12H18O9)n, for microbiology), ammonium phosphate dibasic
((NH4)2HPO4, ≥98.0%, reagent grade), and sodium chloride (NaCl,
≥99%, ReagentPlus) were acquired from Sigma-Aldrich (U.K.).
Distilled water was acquired from an arium advance EDI system.
Ca(NO3)2·4H2O was dissolved in 0.1 L of distilled water to a
concentration of 1 M (or NaCl in the case of PO4
3− in gel
measurements to a concentration of 2 M), and 5 g of agar was added
(with 250 μL of universal pH indicator (British Drug Houses Ltd.,
U.K.) for a selection of studies). The mixture was stirred at 250 rpm
and heated to 80−90 °C on an MR Hei-Standard magnetic stirrer hot
plate (Heidolph, Germany). After suﬃcient time to allow for the
dissolution of the gel precursor, 2.5 mL of the gel mixture was
siphoned into clear cylindrical containers. The mixture was given 24 h
to complete gelation. (NH4)2HPO4 (or NaCl for Ca
2+ elution
measurements) solutions were prepared as required, and 3 mL was
layered over the set Ca2+ containing gel. pH was monitored using a
calibrated S220 Seven Compact pH/ion meter equipped with an
InLab Expert Pro pH probe (Mettler Toledo, USA).
The Supporting Information (SI) contains a detailed account of the
methodologies for gel mass gain/loss (Figure S1a,b), the elution of
Ca2+ from the gel phase into the solution phase (Figure S2 and eq S1),
the ingress of PO4
3− into the gel from the solution phase (Figure S3
and eq S2), scanning electron microscopy (SEM), X-ray diﬀraction
(XRD), and micro X-ray ﬂuorescence (μ-XRF).
■ RESULTS AND DISCUSSION
Initial Observations and Understanding CaPO4 Chem-
ical Garden Growth Regimes. Nodular and unstructured
CaPO4 precipitate was observed at the gel/solution interface in
PO4
3− solutions of between 0.25 and 0.5 M (Figure 1a,b).
Generally, solutions between 0.5 and 1.5 M PO4
3− resulted in
substantially faster rates of tube formation and a larger number
(75−125 tubules per 236 mm2) (Figure 1a). The macro-
morphology of these tubes is typically straight with kinks,
suggesting a jetting and popping regime of growth. Diﬀerent
growth regimes occur as a consequence of variations in the
anionic solution density. Low-density Ca2+ solution entering
the PO4
3− solution phase can either rise quickly to produce a jet
that catches to form a straight tube section or lead to oscillatory
tube growth characterized by budding architectures and
alterations in tube growth direction.15 The tube length was
observed to reach several centimeters within 15 min, and within
2 h it appeared that some tubes had begun to agglomerate
because of a lack of free growth space that resulted in wall-
bound features after several days (Figure 1c).
Initially, the layering of 2 M PO4
3− solutions upon the gel
phase produces no CaPO4 precipitate. On occasion, relatively
thick tubes were observed in 2 M PO4
3− solutions after a few
days (Figure 1d). These tubes were evidently wider than those
grown in 0.5−1.5 M PO43− solutions and were synonymous
with a budding regime of tube growth, forming from the release
of less buoyant cationic solution providing a wider tube girth at
the origin of growth.13−16 Similarly thick tubes that formed in a
Figure 1. Inﬂuence of PO4
3− concentration on CaPO4 tube formation. Visualization of tube growth after 15 min and 1 h in 0.25−2 M PO43−
solutions (a), unstructured precipitate in 0.25 M PO4
3− solution after 4 days (b), tube agglomeration and wall-bound growth in 1 M PO4
3− solution
after 4 days (c), thick budding tubes grown in 2 M PO4
3− solution after 4 days (d), and sacklike morphologies grown in 2 M PO4
3− solution after 4
days (e).
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chemical garden consisting of a calcium chloride (CaCl2) seed
in 6 M silicate solution have been reported.15 It is suggested
that air bubbles developed in the concentrated (6 M) and
viscous silicate solutions used, acting as templates for wide
tubes at the origin of growth.15 Although air bubbles were not
observed to aid the formation of CaPO4 structures, they
provide an interesting means for controlling tube growth
parameters that has been explored elsewhere.34,35 As well as
thick tubes, CaPO4 sacklike morphologies arose in some 2 M
PO4
3− solutions, which likely formed through the inﬂation of
the precipitate membrane with Ca2+-rich liquid without
suﬃcient osmotic force to cause rupture (Figure 1e).
The growth behavior and resulting morphology of tubules
among thin shoots of material, thicker tubules, and inﬂated
sacks is partially linked to the development of a semipermeable
precipitate membrane upon the gel/solution interface due to
the reaction between metal ions and reactive anions in solution.
For the analogous classical setup, it is believed that
concentrated anionic solutions produce a ﬁrmer colloidal
membrane that is more diﬃcult to rupture, promoting
membrane inﬂation, whereas relatively lower concentrations
produce a comparably weaker membrane that can be more
easily penetrated by metal ion streams to go to form tubes.13−16
Similar tube morphology and growth characteristics are
observed for CaPO4 tubes grown in low (0.25 M) and high
(2 M) PO4
3− solution concentrations (Figure 1a). The growth
mechanism that results in CaPO4 morphologies is further
discussed in this work alongside the fundamental experimental
data.
When PO4
3− solutions were layered upon the Ca2+ gel phase,
a concentration-dependent coverage of precipitation was
observed. Between 0.25 and 0.5 M PO4
3−, a membrane of
precipitate formed that occupied 99.6 and 63% of the gel/
solution interface, respectively (Figure 2). At 0.25 M PO4
3−,
membrane rupture results in jetting streams of CaPO4 material
that fail to form tubes, consistent with the proposition of a
weak rupture membrane.13−16 In relatively low concentrations
of PO4
3− solutions (0.25−0.5 M), the CaPO4 membrane may
take longer to form, as the initial precipitate membrane
disappears within 2 h and tubes are visible only after this time.
For PO4
3− solutions in the concentration range between 0.75
and 1.25 M, localized spots of precipitate were visible on the gel
solution interface, which provided the origin of tubes that
formed immediately. Despite the expectation of a precipitate
membrane when solutions of 2 M PO4
3− were employed, no
precipitate coverage was observed on the gel/solution surface.
It is possible that the required levels of Ca2+ and PO4
3− ions are
insuﬃcient to induce precipitation when 2 M PO4
3− is
immediately layered upon gel. Alternatively, the ionic
concentration of both species may well be suﬃcient for
precipitation; however, the increased concentration of non-
precipitate counterions may decrease the eﬀective concen-
tration of Ca2+ and PO4
3− in solution through ionic shielding
phenomena.36 Ionic shielding involves counterions surrounding
reactant ions of opposite change in solution, preventing them
from reacting even in concentrated solutions where products
would be expected to form.36 An extended induction time is
evidently required for the precipitate reaction of Ca2+ and
PO4
3− ions in these systems, eventually resulting in structures
(Figure 1d,e). The inﬂated nature of constructs that are
produced suggests that despite taking longer to develop, the
resulting membrane can resist rupture to an extent beyond that
formed in solutions <2 M. However, whereas optimum solution
concentration ranges for inducing tubules have been explored
in diﬀerent chemical garden systems, the observation and
quantiﬁcation of a concentration-dependent precipitate cover-
age of the cationic source, in this case the Ca2+-loaded gel, have
not previously been reported for chemical garden systems. The
color similarity between the newly forming precipitate and the
crystal seed makes this diﬀerentiation diﬃcult in the classical
setup. Hence, the use of a gel/solution system may enable us to
gather further mechanistic insights into tube-formation within
chemical gardens.
Response of the Gel Phase to Varying Solute
Potential. Gel mass change experiments were conducted in
solutions of 1 and 5 M NaCl as opposed to PO4
3− in order to
avoid initiating precipitation; selected solutions exhibit an
equivalent solute potential to PO4
3− solutions of 0.5 and 2.5 M,
respectively, calculated using the van’t Hoﬀ equation (eq S3
and Table S1). Gel mass gain/loss proﬁles were dynamic in
both 1 and 5 M NaCl solutions (Figure 3). As expected, a 1 M
NaCl solution brought about an initial gradual gel mass increase
in the ﬁrst 3 min (+2.7 ± 0.2%), measured at its most
substantial value after 10 min (+3.2 ± 1.6%), because of the
potential gradient favoring the net movement of solution into
the gel from the solution phase. Gels in 5 M NaCl solutions
decreased in mass by 0.7 ± 0.3% after 10 min because of the
potential gradient favoring the net movement of Ca2+-rich
solution out of the gel into the solution phase (Figure 3). At 30
min, despite gaining some mass, the gels in 5 M PO4
3− solution
remained in a net mass loss regime (−0.1 ± 0.5%) before
further mass decrease at 2 h (−1.4 ± 1.7%). Statistical analysis
Figure 2. Top-down view of the binary image of the typical CaPO4
precipitation coverage formed on the gel/solution interface for PO4
3−
solutions of 0.25 and 0.5 M 1 min after layering on the gel surface.
Figure 3. Mass gain/loss proﬁle of gels exposed to 1 and 5 M NaCl
solutions between 0 and 120 min (error bars represent the standard
deviation for n = 3 measurements of individual samples, * =
signiﬁcance as determined by post hoc t test analysis, where p =
<0.05).
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performed using two-way ANOVA revealed a signiﬁcant
diﬀerence in the gel mass gain/loss response from the
employment of low concentration (1 M NaCl) and high
concentration (5 M NaCl) solution environments (F (1, 4) =
26.57, p = 0.0067) within the ﬁrst 30 min of gel exposure to
solution. Post hoc t tests revealed the signiﬁcance among the
mass gain/loss gel responses at 1 min (p = 0.0067), 3 min (p =
0.037), and 10 min (p = 0.012).
These results go some way to understanding the preferential
formation of CaPO4 tubes in PO4
3− solutions between 0.5 and
1.5 M. Between these concentrations, osmotic driving forces
appear to drive the movement of solution across the
semipermeable precipitate barrier, with the coverage taking
the form of a sheet or localized spots on the gel/solution
interface, toward the gel. Consequently, the gel mass increase
leads to a buildup in osmotic pressure. To counteract this, the
pressure is relieved through rupturing the precipitate
membrane, which releases streams of Ca2+-rich solution into
the corresponding solution of PO4
3−. The jetting and
occasional oscillatory nature of these Ca2+ streams provide a
template for the growth of tubular constructs with straight and
kinked macromorphology (Figure 1a). Solutions of PO4
3− on
either side of the 0.5−1.5 M concentration range as investigated
through NaCl solutions with matching solute potentials appear
not to elicit a gel mass increase but rather a decrease indicating
that solution is expelled. As such, the buildup of osmotic
pressure within the gel does not take place, and tubes are not
immediately formed from the employment of PO4
3− solutions
of 0.25 and 2 M.
Ca2+ and PO4
3− Ion Transport. The release of Ca2+ ions
occurred in all NaCl solutions in the range of 0.5−5 M and
progressed steadily with time (Figure 4a). Expectedly, the
elution rate increased gradually with increasing NaCl solution
concentration because the potential for ionic Ca2+ movement
from gel into solution phase proportionally intensiﬁes in more
concentrated solution environments.
Before layering with PO4
3−solutions, the PO4
3− concen-
tration found in the gel existed at a comparatively low
concentration of 0.11 ± 0.00 mM (Figure 4b). After 30 min,
the concentration of PO4
3− in the gel peaked at 34.30 ± 5.87
mM when the PO4
3− concentration of the solution was 1 M
and decreased at higher PO4
3− concentrations in the solution
phase; the ingress of PO4
3− into the gel as a function of the
initial PO4
3−concentration in solution was therefore not
monotonic and did not follow the same trend as Ca2+ release
into the anionic solution phase (Figure 4b).
Observing pH Change as an Indicator of Ionic
Movement. A capillary tube was inserted just below the gel/
solution interface allowing the collection of ejected calcium-rich
solution from the gel (Figure 5a). A universal pH indicator
revealed the acidic nature of the Ca2+-rich ﬂuid in contrast to
the neutral-alkali nature of the PO4
3− solution that had also
been collected on pull out (Figure 5b and s4). The pH of the
gel mixture before heating and setting was determined to be
4.5−5.5, and gels stained with universal pH indicator became
orange as a result of the acidic cationic environment. The
PO4
3− solution pH was between 8 and 9.
CaPO4 tubes form preferentially in regions where the pH at
the gel/solution interface experiences a substantial shift to
alkalinity by turning blue or purple in the gel phase (Figures 6a
and S4, Movie S1). Regions that did not experience this shift
resulted in little or poor CaPO4 tubular growth but sometimes
developed a red coloration band at the gel/solution interface
(Figure 6a, Movie S1). Similar experiments have shown that
although shifts in pH are not a trigger for tubule formation but
rather a byproduct of precipitate development, measurements
of pH can be utilized as an indicator of solution exchange and
tubule formation.21
The layering of 0.25 and 0.5 M PO4
3− solutions facilitated a
red (acidic) band at the gel/solution interface (Figure 6b) that
was more prominent in gels layered with 0.25 M solutions
(Figure 6c). From Ca2+ release measurements (Figure 3a), the
release of Ca2+ ions was less extensive in equivalent 0.25 M
Figure 4. Ca2+ release into bulk solution as a function of the NaCl solution concentration (error bars represent the standard deviation for n = 3
measurements of individual samples) (a) and PO4
3− ingress into the gel as a function of the PO4
3− solution concentration (error bars represent the
standard deviation for n = 2 measurements of individual samples) (b).
Figure 5. Ca2+-rich solution as collected in a capillary tube placed at
the gel/solution interface (a), followed by the removal of the capillary
tube and staining of the collected contents with universal pH indicator
(b) (PO4
3− solution was drawn up the capillary tube on pull out).
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PO4
3− solutions than in 0.5 M PO4
3− solutions. Therefore, red
coloration represents a buildup of unreleased acidic Ca2+ ions
just below the gel/solution interface, which ultimately delays
the onset of tubules (Figure 1a). Red (acidic) banding
eventually turned blue (increasingly alkaline) when both 0.25
and 0.5 M PO4
3− solutions were used and coincided with the
onset of the CaPO4 nodular precipitate and tubular structure
formation, respectively (Figures 1a and 6a). Coloration at the
gel/solution interface for gels layered with 0.75 and 1 M PO4
3−
solutions was blue (alkali) initially before appearing purple
(stronger alkali). Gels layered with solutions of between 1.25
and 2.5 M PO4
3− developed a purple band immediately. The
depth of the alkaline coloration bands increased with increasing
PO4
3− solution concentration in the range of 0.75−2 M (Figure
6b,c), which correlates to the exodus of Ca2+ ions and ingress of
PO4
3− anions into the gel by solution movement (Figures 3 and
4a,b). The resulting exchange of ions promotes the induction of
tubule formation above the gel/solution interface in 0.75−1.5
M PO4
3− solutions (Figure 1a). This does not necessarily
correlate with the formation of precipitate in 2 M PO4
3−
solutions. A relatively high concentration of Ca2+ ions released
into 2 M PO4
3− solution suggests that supersaturation criteria
for CaPO4 precipitation are met (Figure 4a), and previously
alluded to ionic shielding eﬀects ultimately diminish the
eﬀective concentration of ions available to react.36
Microstructural and Compositional Evolution of
CaPO4 Tubes. A tube-widening phenomenon was observed
from micrographs of CaPO4 tubes grown in 0.5 M PO4
3−
solutions over 24 h. Tubes typically matured to a ﬁnal diameter
of 100−150 μm and possessed a bilayer wall consisting of a
porous outer layer (∼10 μm) and continuous inner layer (∼10
μm) that is consistent with the microstructure of chemical
gardens18 (Figure 7a). This arrangement is comparable to the
structuring of micrometer-width dentinal tubules, although
Figure 6. Universal pH indicator stained gel layered with 0.5 M PO4
3− solution changing coloration in response to CaPO4 tubular formation (a).
Gels stained with universal pH indicator and layered with 0.25−5 M PO43− solutions (ﬁeld of view ∼30 mm) (b) and quantiﬁcation of the coloration
band depth (error bars represent the standard deviation for n = 3 measurements of individual samples) (c).
Figure 7. Micrographs of CaPO4 tubes grown in 0.5 M PO4
3− solutions extracted at 5 h (a) and 24 h (b), CaPO4 tubes grown in 1.25 M PO4
3−
solutions (c), and CaPO4 tubes grown in 2 M PO4
3− solutions (d) extracted at 10 days.
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existing at length scales typical of Haversian canals that at
maturity exhibit an average diameter of between 50 and 200 μm
in human bone.1,4,9,37,38
At 24 h, widened tubes possessed a diameter of >300 μm,
and a gap space developed between the outer and inner tube
layers, suggesting immiscible phase separation (Figure 7b). A
close inspection of the walls of typical and widened tubes
revealed that both the inner and outer thicknesses remained
∼10 μm per layer. The wall thickness may be maintained
through a spontaneous self-healing mechanism that allows for
total tube widening while maintaining the thickness of the tube
walls in order to support structural integrity and microstructural
evolution.14 In response to increased periods of cationic ﬂuid
ﬂow that are dependent on solution potential diﬀerences
between cationic and anionic phases, tubes may expand.
The diameter of CaPO4 tubes from PO4
3− solutions between
0.75 and 1.5 M ranged from 100 to 150 μm (Figure 7c). Tubes
grown in 0.75 and 1 M PO4
3− solutions had a microstructure
similar to those grown in 0.5 M PO4
3−, possessing a porous
outer layer and a continuous inner layer. In contrast, tubes
grown in 1.25 and 1.5 M PO4
3− solutions possessed a single
porous wall that was microstructurally similar to the outer wall
of tubes that exhibited a bilayer structure (Figure 7c). Tubes
grown in 2 M PO4
3− had a strikingly diﬀerent microstructure
that consisted of organized ﬂowering ﬂake clusters (Figure 7d).
The diameter of these tubes was also considerably wider (500−
600 μm).
It is evident that the scale and microstructure of these tubes
mimic intrinsic features of natural bone tissue at the length
scale of Haversian canals that house vascular networks. As such,
the fabrication of CaPO4 tubules may be of interest for
replicating these structures through physical phenomena at gel/
solution interfaces.
X-ray diﬀraction patterns were collected to study the
evolution of crystallinity and the crystalline phase during initial
precipitate formation in 0.5 M PO4
3− solutions (Figure 8a).
After 3 and 5 h, the precipitate consisted of poorly crystalline
apatite, as suggested by the broad peaks, which correlate well
with the diﬀraction pattern of hydroxyapatite (HA,
Ca10(PO4)6(OH)2, ICDD-01-074-9761). After 24 h, peaks
matching dicalcium phosphate dihydrate (DCPD, CaHPO4·
2H2O, ICDD-04-013-3344) were detected, which became
noticeably more pronounced and sharper with increasing time.
The crystalline composition of tubes grown in PO4
3−
solutions of 0.25−1.5 M was also assessed after 30 days of
aging (Figure 8b). Peaks corresponding to both HA and DCPD
were still present in the diﬀraction pattern of the 0.5 M PO4
3−
precipitate (Figure 8b). Patterns collected for all other solution
concentrations also matched the HA and DCPD references
(Figure 8c). The phase composition of similarly prepared
CaPO4 tubes was previously determined to consist of a mixture
of HA and DCPD phases.20,22 The resulting CaPO4 phase is
highly dependent on the solution environment, with prominent
factors, including pH and solubility, inﬂuencing the formation
of minerals. Both of these phases are of biological importance
within mammalian systems. For instance, HA is the primary
mineral component of hard tissue and provides a physiological
stable phase that can support the growth and proliferation of
osteogenic bone-forming cells.1,27
The presence of highly soluble phases was also detected:
biphosphammite (NH4H2PO4, ICDD-01-072-4581) in precip-
itates grown in 0.75 and 1.5 M PO4
3− solutions and nitrammite
(NH4NO3, ICDD-00-047-0867) found in precipitates grown in
1.5 M PO4
3− solutions (Figure 8b,c). The reagent salts
employed in tube-formation experiments provide ions required
to produce such phases, which have not been fully washed away
after precipitate extraction.
CaPO4 tube structures are compositionally heterogeneous in
nature during growth: a growing acidic Ca2+-rich core that
evolves through an alkali PO4
3− solution phase. Bilayer tube
wall formation, best observed in micrographs of CaPO4 tubes
grown in 0.5 M PO4
3− solution after 5 and 24 h (Figure 7a,b),
can therefore be explained. An amorphous outer wall of the
CaPO4 tubes is likely to comprise a low-crystallinity HA
precipitate that is the ﬁrst to develop, before the formation of
an inner wall composed of DCPD because XRD patterns show
that amorphous HA phase development precedes that of
DCPD while also being consistent with the fact that chemical
garden tube wall thickness develops inward via propagating
reaction-diﬀusion front and the pH proﬁle.18 Similar to the
synthesis of mineral phases in many organisms, self-assembling
CaPO4 tubes evidently exhibit exceptional thermodynamic and
kinetic control of precipitating amorphous and crystalline
mineral phases.39 As such, the employment of a gel/solution
Figure 8. XRD diﬀraction patterns of the development of CaPO4
precipitate grown for up to 48 h in PO4
3− 0.5 M solutions (a) and after
30 days for CaPO4 precipitates grown in 0.25−1.5 M PO43− solutions
(b). ICDD reference patterns for CaHPO4·2H2O, Ca10(PO4)6(OH)2,
NH4H2PO4, and NH4NO3 matched collected patterns (c).
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model for creating structured mineral far surpasses many
synthetic mineral synthesis pathways associated with combining
ionic solutions that result in the precipitation of mineral
crystals.
Elemental analysis was undertaken on tubes grown in 0.5 M
PO4
3− solutions to further understand the tube wall
composition using a μ-XRF mapping instrument. The scanning
area was selected in order to reveal the chemical composition
along the tube length. The major elemental components of the
tubes were calcium and phosphorus distinguished by Kα lines
appearing in the expected vicinity of 3.69 and 2.01 keV,
respectively, and an additional line for Ca (Kβ at 4.01 keV) was
also observed (Figure S5). Mapping of the additional elements
detected, namely, aluminum (Al), silicon (Si), sulfur (S),
chlorine (Cl), potassium (K), iron (Fe), and copper (Cu)
showed these elements to reside outside of the tube structure,
originating from the background material upon which the
tubule sample is supported.
Elemental maps of calcium (Figure 9a) and phosphorus
(Figure 9b) were combined, and a line scan was collected
across the diameter of the tube (Figure 9e). This allowed the
Ca and P signal intensities to be plotted along the selected line
scan. The outer tube wall was found to be relatively P-rich
(Figure 9c), which supports the proposed compositional
hierarchy of an HA outer layer that develops into a DCPD
inner layer. This biphasic ordering of compositional phases is
obtained through the exposure of the developing precipitate to
an acidic Ca2+-rich core and an alkaline PO4
3− exterior,
shedding light on how the creation of similar structures may be
obtained from physical driving forces that are currently possible
only in biological systems.
Acquiring control of these structuring processes may allow
for designer CaPO4 regenerative biomaterials. Desirable
features include similar composition and architecture to
naturally occurring dentinal tubules and Haversian canals
capable of directing angiogenesis and tubulogenisis processes
beyond synthetic systems through the provision of high surface
area, porosity, and mass transport facilitation.28−32 Promisingly,
mineral tubular constructs can support the viability of cell
cultures, and further ways in which to incorporate biological
cells during tube fabrication are active areas of research,
bridging the gap between chemical gardens and tissue
engineering applications.33,40
■ CONCLUSIONS
Long-standing interest in chemical garden structures goes back
as far as the 17th century and stems from their resemblance to a
number of naturally occurring formations such as hydrothermal
vents on the sea ﬂoor and mineralized biological structures such
as corals, shells, and mammalian bone. Here we generate
CaPO4 tubules that resemble dentinal tubules and Haversian
canals found in human hard tissues. This supports the notion
that not only biological processes but also physical driving
forces play a fundamental role in biotic structuring.
Compiling results associated with the mechanism of CaPO4
precipitation and tubular formation in a gel/solution setup, it is
evident there is a complex relationship between Ca2+ gel and
PO4
3− solution phases that allows for the formation of chemical
garden structures. CaPO4 tube morphology was initiated only
by speciﬁc PO4
3− solutions in a range of 0.5−1.5 M. A
signiﬁcant diﬀerence was found in the gel response to either
high or low solute environments of 1 and 5 M NaCl solutions,
respectively, within 30 min. Conditions that facilitate the self-
assembly of CaPO4 tubular structures are an increase in gel
mass followed by a decrease, representative of an inﬂux of
solution into the gel driven by osmotic forces and the
subsequent release of Ca2+ -rich ﬂuid to relieve osmotic
pressure, as supported by gel Ca2+ release and PO4
3− ingress
measurements. Although gels layered with 2 M experience a
substantial exodus of Ca2+ as determined by direct measure-
ment and observation of a gel pH change, CaPO4 precipitate
and tube formation are likely initially inhibited by ionic
shielding.
The presence of contrasting pH environments, namely, an
acidic Ca2+-rich ﬂuid traveling through CaPO4 tube structures
and alkali PO4
3− ion solution external to CaPO4 tubes, drives
the development of diﬀering crystalline phases that constitute
the hierarchical tube microstructure. Typical CaPO4 tubes
possessed a bilayer structure composed of an outer layer of HA
and an inner layer of DCPD. Mastering control of the
generation of these structures may allow the creation of
regenerative biomaterials that are comparable to human tissue
architecture and composition.
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